Abstract Chikungunya fever is an arboviral infection caused by the Chikungunya virus (CHIKV) and is transmitted by Aedes mosquito. The envelope protein (E2) of Chikungunya virus is involved in attachment of virion with the host cell. The present study was conceptualized to determine the structure of E2 protein of CHIKV and to identify the potential viral entry inhibitors. The secondary and tertiary structure of E2 protein was determined using bioinformatics tools. The mutational analysis of the E2 protein suggested that mutations may stabilize or de-stabilize the structure which may affect the structure-function relationship. In silico screening of various compounds from different databases identified two lead molecules i.e. phenothiazine and bafilomycin. Molecular docking and MD simulation studies of the E2 protein and compound complexes was carried out. This analysis revealed that bafilomycin has high docking score and thus high binding affinity with E2 protein suggesting stable protein-ligand interaction. Further, MD simulations suggested that both the compounds were stabilizing E2 protein. Thus, bafilomycin and phenothiazine may be considered as the lead compounds in terms of potential entry inhibitor for CHIKV. Further, these results should be confirmed by comprehensive cell culture, cytotoxic assays and animal experiments. Certain derivatives of phenothiazines can also be explored in future studies for entry inhibitors against CHIKV. The present investigation thus provides insight into protein structural dynamics of the envelope protein of CHIKV. In addition the study also provides information on the dynamics of interaction of E2 protein with entry inhibitors that will contribute towards structure based drug design.
Introduction
Chikungunya virus (CHIKV) is are-emerging arboviral infection that is the cause of major public health concern [29] . The Chikungunya viral infection share common symptoms with the dengue viral infection characterized by sudden onset of fever, vomiting, nausea, rashes, arthralgia and myalgia [2, 13] . Both CHIKV and DENV are spread by Aedes aegypti and Aedes albopictus mosquitoes [3] . CHIKV is endemic in many parts of the world including Africa, Asia and tropical regions of America [43] . Nearly 94 countries were identified with substantial CHIKV infection in a recent investigation [26] . It was also estimated that around 1.3 billion people are living in risk areas for CHIKV transmission [26] . The CHIKV has been reported from more than 40 countries in the Americas with over 1 million infections in last 2 years [43] . The largest outbreak of CHIKV occurred during [2004] [2005] [2006] [2007] [2008] [2009] in Indian Ocean region involving millions of people [41] .
Chikungunya virus is a member of alphavirus genus in the Togaviridae family. The genome of CHIKV is single stranded positive sense RNA of approximately 11.8 kb in length. The genomic RNA is capped and polyadenylated, and encodes two open reading frames (ORFs) [13] . The 5 0 ORF encodes four non-structural proteins (nsP1, nsP2, nsP3 and nsP4) and 3 0 ORF encodes the structural polyprotein that is cleaved into the capsid, small polypeptide 6K, E3 and the envelope glycoproteins E2 and E1 [35] . The mature virion is 70 nm in diameter and contains trimeric spikes of E1 and E2 proteins on its surface [25] . The E2 protein is involved in attachment of the virion and E1 protein helps in viral fusion with the host cell [36] .
No vaccines or antiviral drugs are available for the Chikungunya virus infection. Therefore, in realization of the true disease burden it is important to screen large number of compounds for their inhibitory effects on the virus. Many studies have investigated the inhibitory effect of various compounds, but none of them have been found to have significant anti-CHIKV activity in animal models [1] . In addition, the in vitro study of such large number of compounds is laborious, time consuming, and costly. Therefore, it is convenient to use the computational approaches to screen out lead compounds. Such lead compounds can then be investigated in detail using experimental approaches. A potential anti-viral strategy against CHIKV involves the inhibition of the viral entry that involves E1 and E2 proteins. The present investigation was thus planned to determine the structure of the E2 protein of Chikungunya virus using computational methods. Molecular docking and MD simulations of the E2 protein-inhibitors (i.e. phenothiazine and bafilomycin) was also carried out to investigate the dynamics of interaction. Identification of the inhibitors of Chikungunya virus infection will contribute towards structure based drug design approaches.
Material and methods

Sequence analysis
The sequence of E2 protein of Chikungunya virus (S27 African strain) was retrieved from NCBI (Accession number: AF339485). This protein sequence was studied through several bioinformatics tools for the present study. The secondary structure of the E2 protein was analyzed with Psipred [23] (http://bioinf.cs.ucl.ac.uk/psipred/). Protein glycosylation is important for secretion, localization and stability of the protein. Therefore, N-linked glycosylation sites were predicted using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). In addition, the O-linked glycosylation were also predicted using NetOGlyc 4.0 server (http://www.cbs.dtu.dk/services/ NetOGlyc/).
Structure prediction and validation
Homology modeling is a computational method used to predict the two as well as three dimensional structure of a protein sequence based on the template protein. The quality of generated model depends on identity between the target and template proteins. The three dimensional structure of E2 protein was identified using a Discovery Studio (DS 4.0) module MODELLER [15] . Phyre2 and iTASSER servers were used to increase the accuracy of the generated model. The most accurate model was evaluated on the basis of root mean square deviation (RMSD), C-score and TM score. The selected model was refined using CHARMm [45] and energy minimization was done using ChiRotor algorithm of DS. The GROMOS [44] algorithm implemented in DeepView [19] was used for energy minimization of the predicted E2 structure. The three dimensional models were validated by PROCHECK in SAVeS server [21, 22] . PROCHECK server validates the quality of the structural model by the Z-score which indicate the overall model quality. The Ramachandran plot between the psi/phi values that explained the stereo chemical quality was obtained with the PROCHECK program. In addition, the predicted three dimensional structure was also superimposed with the crystallized trimer of Chikungunya virus E1-E2-E3 polyprotein [46] using the Pymol visualization tool.
Mutation analysis
The effect of some reported point mutations on the structure of E2 glycoprotein [31, 40] were analyzed using in silico tools. Various methods were used for the prediction of the effect of mutations on the structure of E2 protein. Swiss-PDB Viewer [19] was used to generate the structural mutants. The structural stability of wild type and mutant E2 protein were compared using the SDM server (Site Directed Mutator). The calculation of stability score is done in terms of change in free energy (DDG). Moreover, the MuStab [37] and I-Mutant 2.0 [6] servers were used for estimating the significance of mutations on the stability of the E2 protein. Both MuStab and I-Mutant 2.0 perform similar analysis with accuracy of 84.59 and 77% respectively. I-Mutant 2.0 is based on support vector machine (SVM) protocol that estimates the change in protein stability upon a point mutation in terms of Gibb's free energy change (DDG).
Receptor-ligand interactions
The structure of E2 protein generated in silico was used for docking studies with some reported inhibitors of alphaviruses to visualize the interaction using AutoDock4.0 software [24] . The Lamarckian Genetic Algorithm with free energy based empirical force-field was used by Autodock4.0 for the prediction of bound conformations [24] . The structure of E2 protein generated in silico was used for docking studies with some reported inhibitors of alphaviruses to visualize the interaction with the predicted active pocket site using AutoDock 4.0 software [24] . AutoDock is a flexible docking program that uses iterated local search global optimization algorithm [24] . The speed and accuracy of docking is much more improved in AutoDock as a new scoring function, efficient optimization, and multithreading is used in it. Grid maps were automatically computed in AutoDock. The pdbqt files of both protein and ligands were prepared and polar hydrogen was added. The calculations of binding free energies were done using scoring function of AutoDock with the following equation:
In the above equation i and j are the atoms separated by three consecutive covalent bonds and summation over all is the pairs of i and j atoms moving relative to each other. Each atom has been allotted a type t i , and a symmetric set of interaction functions f t it j of r ij where r ij is distance between atoms i and j.
The ligand receptor preparation, binding site characterization and energy minimization were done for both the ligands and E2 protein. The grid box was adjusted to 80 9 80 9 80 along with X, Y and Z axis with 3.75 Å spacing between the points. The docked complexes were optimized and validated using modules for receptor-ligand interactions in Discovery Studio 4.0 (BIOVIA 2013). In addition, the minimization of docked complexes was done with CHARMM force-field [45] .
The docking was also performed with PatchDock [14, 32] in order to increase the accuracy of docking. PatchDock is geometry-based molecular docking tool. In PatchDock the molecule's surface is divided into convex, concave and flat surfaces patches [11, 12] . The surfaces of ligand and protein are distributed into patches of above surfaces and searched for their complementary patch. The atomic desolvation energy and complementarity of shape both are determined by scoring function. The Energy minimized PDB files of both protein and ligand molecules were submitted with clustering RMSD cut off value of 4.0 Å .
Molecular dynamics simulations
Both the protein-ligand complexes were then subjected to MD simulation studies. The biological function of DNA and proteins and their intense dynamic mechanisms like allosteric transition [7, 48] , the drug intercalation into DNA [9] , the active and inactive state switching [47] , and assembly of microtubules [10] , can be studied by analyzing their internal motions [8] . The mechanism of protein-ligand interaction can be studied by two different methods i.e. using static structure and by simulation of dynamic processes involved. MD simulation is the online tool to study the dynamics of the interaction between protein and ligand. MD simulation was performed for E2 protein and for E2-ligand complex using the GROMACS 5.0 software. The Gromos43a1 [42] forcefield was used for the E2 protein while for ligands the generalized Gromos forcefield was utilized [45] . The E2-ligand complexes were then solvated and water molecules and appropriate counter-ions were added to achieve the electrical neutrality in a cubic box of SPC water model [4] . The solvated system was then energy minimized by using steepest descent and conjugate gradient algorithms for around 10,000 steps till the force on all the atoms went below 100 kJ/mol/nm. The MD simulations of these energy minimized systems were done for up to 40 ns at constant pressure-temperature (NPT). A constant temperature of 300 K with 1 atmospheric pressure was used for the system at a time constant of 5 ps together with the method given by Parrinello and Rahman [27] . The equation of motion was integrated using 2 fs time step. The energy minimized structures were evaluated by plotting trajectories of RMSD and Rg values for each system.
Results and discussion
Sequence properties
The E2 protein of Chikungunya virus prototype strain (S27 African strain) was used for the present investigation (Accession number AF339485). The ProtParam server analysis revealed that the E2 gene (1300 bp) encodes the protein of 423 amino acids. The molecular weight of the protein is 47.054 kDa with theoretical PI of 8.37 and estimated half-life of more than 20 h (yeast, in vivo). The N-and O-linked glycosylation sites were predicted for the E2 protein. There were three N-linked glycosylation sites at residue number 263, 273 and 345 and one O-linked site at residue number 143 with G score of more than 0.5 (Fig. 1) .
The prediction and evaluation of secondary and tertiary structure
The HHpred and PSI-Blast identified crystal structure of the immature envelope glycoprotein of Chikungunya virus (PDB Id: 3n40) as the suitable template for the structure prediction of E2 protein [46] . The study sequence and template alignment shows 41% identity. The MODELLER aligned the template with query sequence and generated the three dimensional model by satisfying the spatial restraints (Fig. 1 ). The models generated by the software were evaluated on the basis of C-Score (confidence score), RMSD, TM-score and DOPE profile etc. The C-score predicts quality of models based on the convergence and the threading template alignment parameters of the structure assembly. The best model selected had the highest confidence value i.e. 1.75 where 2 was the maximum C-score value. On the whole predicted model was evaluated on the basis of RMSD value and the TM-score with values 3.4 ± 2.3 and 0.96 ± 0.05 respectively. RMSD is the average distance of all the residues of the two structures. A model with the correct topology is indicated by more than 0.5 TM-score. The best model was evaluated using various tools of SAVES server. The Procheck tool of the SAVES server indicated that 74.5% of the residues of the E2 protein were in favored region of the Ramachandran plot (Fig. 2) . The additional and generously allowed regions contained 20.8 and 3.6% residues respectively. Further, the plot identified that only 1.18% of the residues were in the disallowed region. The /-w distribution score was found to be -0.95.
The secondary structure prediction of E2 protein was performed using GORIV [16] online tool. The predicted E2 protein structure showed 9% a-helix, 60% random coil, and 31% extended strand. The secondary structure image (Fig. 3) was generated using Psipred [23] (http://bioinf.cs. ucl.ac.uk/psipred/). The superimposition of the best model of E2 protein was done with crystal structure of immature envelope glycoprotein (E1-E3-E2 trimer) of Chikungunya virus. The superimposed structures showed an RMSD value of 1.63 Å that also validates the predicted structure (Fig. 4) .
Mutational analysis
The E2 protein is involved in attachment of virion with the host cell. Hence, it is the neutralization antigen and therefore a vaccine candidate. The mutations in E2 protein may alter the overall local secondary structure. This may affect structure-function relationship of the E2 protein thereby affecting the overall infectivity of the virus. The in silico stability score prediction of some reported mutations in E2 protein was done in the present study using I-Mutant 2, SDM server and MuStab server. All these servers calculate the stability score or DDG value (Pseudo delta delta G). A negative DDG value is indication of destabilization of the protein structure whereas a positive value suggests that the protein structure is stabilized.
The present study analyzed 5 different reported mutations i.e. G82R, L210Q, I211T, V229I, S375T [31, 34, 40] (Fig. 1) . The selection pressure analysis in a previous investigation has showed that 3 of these mutations (L210, I211 and S375) were positively selected [31] . The DDG value of L210Q was found to be slightly negative and for V229I and slightly positive for the mutation S375T. Therefore, it is postulated that these three mutations do not have much contribution to alteration of the overall three dimensional structure of E2 protein. However, these in silico results should be validated by the site directed mutagenesis experiments in laboratory. Fig. 1 The complete sequence of Chikungunya virus E2 protein with N-linked glycosylation sites in blue and O-linked glycosylation site in red color. The arrows on amino acids show the reported mutations used in the present study. In addition, the trans-membrane region is shown by a rectangular outline (color figure online) Fig. 2 The Ramachandran plot generated from SAVeS server with maximum number of amino acids in the favored region
The DDG values for two other mutations i.e. I211T and G82R were highly negative and highly positive respectively. Therefore, I211T destabilized and G82R stabilized the three dimensional structure of the E2 protein. A large epidemic of CHIKV occurred in 2004-2009 in the Indian Ocean region affecting millions of people [33] . A point mutation in the E1 protein (A226V) was identified in most of the virus isolates of this epidemic. This unique molecular signature was associated with higher epidemic potential of CHIKV during this epidemic. Further detailed analysis of the epidemic strains revealed that this point mutation was crucial for the high efficiency of replication and dissemination of CHIKV in Aedes albopictus mosquitoes. Subsequent investigation of the epidemic strains by Tsetsarkin and co-workers revealed that another mutation in the E2 protein (I211T) was essential for the sensitivity of CHIKV to the E1-A226V mutation in Aedes albopictus mosquitoes. Further, they also concluded that Fig. 3 The secondary structure of E2 protein generated using the Psipred server Potential entry inhibitors of the envelope protein (E2) of Chikungunya virus: in silico… 43 this mutation at 211 position is probably involved in binding of the E2 protein with the receptor on the host cell [41] . Glycosaminoglycans (GAGs) are polymers of disaccharide units that are associated with the outer surface of mammalian cells where they act as virus receptors. Further, it has been postulated that GAGs present the on mammalian cell surface is utilized by E2 protein of CHIKV to bind with the host cell. Silva and colleagues reported that the amino acid at position number 82 in the E2 protein is primary determinant in binding to GAGs on the host cell [34] . The authors concluded that a mutation at this position (G82R) influenced the binding of E2 with the GAGs present on the host cell thereby affecting the viral entry.
Thus mutational analysis of the present study revealed that even the point mutations may affect the overall structure of proteins that may lead to stabilizing or destabilization of the proteins. The in silico predictions of the mutational analysis will thus contribute to information about the structural stability of the E2 protein. Further, comprehensive site directed mutagenesis investigations on these mutations will provide insight into the detailed mechanism of structure stabilization/de-stabilization of E2 protein and its effect on virus pathogenesis.
Molecular docking and MD simulation studies
The docking of E2 protein was done with Autodoc4.0 software [24] . Various compounds from zinc database (50) were screened to check the interaction with E2 protein (data not shown). These included two different compounds, encainide and barbamine that showed good interaction with the E2 protein with binding energies -8.5 and -8.4 (in kcal/mol) respectively. These two compounds, berbamine (calcium channel blocker) [38] and encainide (anti-erithmatic agent) [39] have a pharmaceutical importance and were found to have a good interaction and binding energy with E2 protein. However, the information about the antiviral activity of these compounds was not available in literature. Therefore, the in silico study with these compounds was not done further.
Many other compounds have been reported in literature that demonstrates antiviral activities. Pohjala and coworkers used many pharmaceutically important compounds including the flavonoids, apigenin, chrysin, naringenin, silybin, etc. to study their antiviral activities in terms of virion entry. They concluded that six compounds including chlorpromazine, ethopropazine, methdilazine, perphenazine, thiethylphenazine and thioridazine were found to inhibited SFV (Semliki forest virus) entry into BHK-21 cells. These six compounds share a common core structure i.e. 10H-phenothiazine [28] . Both CHIKV and SFV belong to Alphavirus genus and they share similar antigenic serocomplex and are considered phylogenetically similar [30] . Therefore, these two compounds (phenothiazine and bafilomycin) with known antiviral activities were used for the docking studies. Phenothiazine S ((C 6 H 4 ) 2 NH) is an organic compound with thiazine ring. It is frequently used as an inhibitor or stabilizer in chemical industries. Earlier it was used as an insecticide and anti-helminthic for livestock and humans. The bafilomycin is an antibiotic extracted from Streptomyces griseus having macrocyclic lactone ring linked with deoxy sugars. In addition, it is a vacuolar-type-H?-ATPase inhibitor in mammalian cells that prevents acidification of the endosomal compartment, a mechanism commonly employed as a mode of inhibition of infection by viruses which gain entry by receptor-mediated endocytosis and low-pH mediated membrane fusion. An investigation Fig. 4 The ribbon image showing superimposition of the modeled E2 protein (purple color) and the crystallized immature E1-E2-E3complex of Chikungunya virus [46] (PDB Id: 3n40) (green color) (color figure online) by Hunt and colleagues reported that Bafilomycin A1 was found to block the expression of a virus-encoded reporter gene of sindbis virus in both infection and transfection of the BHK cells [18] . Further, another study reported limited inhibitory effect of bafilomycin in post CHIKV infection in HEK239T cells [5] . The inhibitory effect of bafilomycin has also been reported previously for other viruses like influenza [17] .
The docking of E2 protein with the two compounds i.e. phenothiazine and bafilomycin was done with Autodoc software. The molecular docking of the E2 protein with phenothiazine indicated good interaction with binding energy of -5.8 kcal/mol and docking score of 3122. In addition, phenothiazine was found to be hydrogen bonded with the protein involving one residue i.e. Pro176 with bond length of 2.81 Å . The other amino acids i.e. Leu16, His29, Asn72, Asp71, Lys120, Arg178 had hydrophobic interaction with the compound (Fig. 5) . Further the molecular docking of the E2 protein with the other compound i.e. bafilomycin revealed good interaction with binding energy of -6.2 kcal/mol and a docking score of 5510. The main residues of E2 protein that are involved in hydrogen bonding with the compound include Tyr15, His18, Pro240 and Leu241 with bond length 2.82, 2.71, 3.16 and 3.32 Å respectively. The amino acids involved in hydrophobic interactions with the compound were Ala17, Ser27, Pro20, His127, Pro128 and Pro243 (Fig. 6 ). These weak non-covalent hydrogen bonds and hydrophobic interactions play a critical role in stabilization of the docked complexes. Further, the docking of E2 protein with the two compounds i.e. phenothiazine and bafilomycin was also performed with Patchdock tool using RMSD cutoff of 4.0 Å . The results of docking of the E2 protein with Autodoc and Patchdock software are summarized in the Table 1 . The bafilomycin has high docking score and thus high binding affinity with the E2 protein suggesting stable protein-ligand interaction.
The dynamics of the complexes E2-bafilomycin and E2-phenothiazine were further analyzed through MD simulation using GROMACS software. The energy value, RMSD value and radius of gyration were calculated for the E2 protein and protein-ligand complexes by MD simulation. The stabilization and convergence of the native E2 protein and ligand-bound E2 complex was shown by a steady RMSD trajectory. RMSD values were calculated by the equation: 
where, t 2 is the time of the reference structure, t 1 is the particulate time point in the simulation, ri is the atom position i at a particular time and N is the number of atoms. The RMSD plot shows that MD simulation of the native E2 protein was carried out up to 40 ns. The maximum RMSD value of the native E2 protein was 1.79 nm at 33 ns and the plot of RMSD trajectories was stabilized at 40 ns. Similarly, MD simulation was also carried out for the E2-ligand complexes that showed stability at around 20 ns. The molecular dynamic study of these docked complexes showed that the stability of these complexes is increasing as compared with that of the native E2 protein. The maximum RMSD value for the E2-phenothiazine complex was 1.24 nm at around 8 ns whereas for the E2-bafilomycin complex the maximum RMSD value was 0.6 nm at around 10 ns. The RMSD trajectories of E2-phenothiazine complex was stabilized at 20 ns whereas the E2-bafilomycin complex got stabilized at around 10 ns. The variation between RMSD values of native E2 protein and complex showed that bafilomycin is stabilizing the E2 protein (Fig. 7) .
The compactness of a protein was measured by calculating Rg (radius of gyration). The radius of gyration is the Root Mean Square distance of a particular atom or group of A stably folded protein always has a constant or unvarying Rg values at various time points during the simulation and the values vary when the protein starts to unfold [20] . The graph of Rg values was plotted against time throughout the simulation run (Fig. 8) . The Rg values for E2, E2-bafilomycin and E2-phenothiazine were 4, 2 and 1.6 nm respectively. The plot depicts that the protein was stably folded in all the three states, E2 alone and in complex with bafilomycin and phenothiazine over the course of time. It was observed that the Rg value for E2 protein was higher as compared to bafilomycin and phenothiazine over the entire simulation time period suggesting that E2-compound complexes were stabilized.
The present report describes the structure of E2 protein of Chikungunya virus that was determined with homology modeling. Mutational analysis of the E2 protein suggested that point mutations may stabilize/destabilize structure of the protein thereby affecting the structure-function relationship. Further, we describe the dynamics of the interaction of E2 protein with two different fusion entry inhibitors (i.e. phenothaizine and bafilomycin) by molecular docking and MD simulation studies. The stable E2-bafilomycin complex was formed as suggested by high docking score and high binding affinity. Further, the MD simulations revealed that both the inhibitors were stabilizing the E2 protein. Thus, phenothaizine and bafilomycin may be considered as the lead compounds in terms of potential entry inhibitor for the Chikungunya virus. Additional elaborate experimental investigations including cytotoxicity studies will provide insight into the detailed mechanism of inhibition of Chikungunya virus infection by phenothaizine and bafilomycin and their derivatives. Further, besides Chikungunya virus these compounds may also be Fig. 7 The RMSD plots for native E2 protein, E2-bafilomycin and E2-phenothiazine complexes Potential entry inhibitors of the envelope protein (E2) of Chikungunya virus: in silico… 47 investigated for the anti-viral activities against other Alphaviruses for development of broad spectrum therapeutic agents.
